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In this work we present new coupled channel calculations with the São Paulo potential (SPP) as the bare
interaction, and an imaginary potential with system and energy independent normalization that has been
developed to take into account dissipative processes in heavy-ion reactions. This imaginary potential is
based on high-energy nucleon interaction in nuclear medium. Our theoretical predictions for energies up
to ≈ 100 MeV/nucleon agree very well with the experimental data for the p,n + nucleus, 16O + 27Al,
16O+ 60Ni, 58Ni+ 124Sn, and weakly bound projectile 7Li+ 120Sn systems.
© 2008 Elsevier B.V. All rights reserved.In the description [1–3] of tightly bound light-heavy projectile-
induced nuclear reactions through coupled channel (CC) calcula-
tions at barrier energies, quasi-elastic (QE—inelastic and few nu-
cleon transfer) and complete fusion are considered as the main
processes. The fusion process is characterized by the loss of ﬂux in
the coupled channel space, taken into account through the internal
absorption (IA) by a phenomenological imaginary potential with
a Woods–Saxon (WS) shape and a small diffuseness, ai = 0.2 fm.
This potential assumes negligible values in the surface absorption
region, which is deﬁned by the quasi-elastic processes and the re-
spective couplings. For weakly bound (e.g. 6,7Li, 9Be, and also exotic
6,8He, 11Li) projectiles the surface break-up process becomes im-
portant even at barrier energies. This process occurs through the
population of states in the continuum, and can be followed by
incomplete fusion. In this case, only part of the fragmented pro-
jectile fuses with the target. This kind of process can occur also
in reactions with tightly bound nuclei (see for instance [4]), but
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doi:10.1016/j.physletb.2008.10.066only for energies well above the barrier, and is also known gener-
ically as deep inelastic collisions (DIC). The main purpose of the
present work is to ﬁnd a reliable imaginary potential to take into
account the dissipative processes (complete and incomplete fusion
and/or break-up/deep inelastic). This potential is based [5] on the
São Paulo bare potential (SPP), in the local equivalent (LE) version:
V SPLE (R, E) = V F (R)e−
4v2(R)
c2 (1)
where V F (R) is the double folding potential [6], and the term
e
− 4v2(R)
c2 is the local velocity (v(R)) dependent correction for Pauli
non-locality (PNL), which can also be interpreted as the absolute
normalization of the potential. It has been found, in the present
work, that the imaginary potential appropriate for our require-
ments is proportional to the V SPLE , with a constant proportionality
factor, independently of energy and system (within certain limita-
tions to be discussed below).
The starting point for the interpretation of the proposed imagi-
nary potential is a rather physically simple energy window, around
E/A = 200 MeV, where Pauli blocking (PB) becomes small, while
still far from signiﬁcant pion production energies. The PNL is also
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change between target and projectile for increasing temperature of
the composite system. In this energy region [7,8] the mean free
path Λ(R) approaches the classical relation:
Λ(R) = 1
σNN O (R)
(2)
where σNN is the free nucleon–nucleon cross section, and O (R) is
a function that describes the overlap between the projectile ( j = 1)
and target ( j = 2) ground state nucleon densities ρNj (r j) at the
distance R between centers:
O (R) =
∫
ρN1 (r1)ρ
N
2 (R − r1)d3r1. (3)
Quantum-mechanically, the mean-free-path is related to the
imaginary potential W by:
Λ(R) = h¯
2k
2μW (R)
(4)
where k is the wave number and μ the reduced mass. This sug-
gests that the radial dependence of W (R) is the same as that of
O (R).
The overlap density function, in its turn, can be related to the
double folding potential: in the zero-range nucleon–nucleon ver-
sion of the SPP [5],
V F (R) = V0
∫
ρ1(r1)ρ2(R − r1)d3r1 (5)
where V0 = −456 MeV, and ρ j(r j) are, in this case, the nuclear
matter densities. O (R) can be considered approximately propor-
tional to V F (R), except for extremely light nuclei. Inspired by the
above equations, an imaginary potential W (R) is proposed to be
related to the folding potential simply by:
W (R) = NV F (R). (6)
The normalization factor N can be estimated at E/A ≈ 200 MeV,
for which the sensitivity radius is quite small (around 2 fm).
Hence, a good approximation [9] is to assume that V F (R ≈ Rs) =
αμ, with α ≈ 56 MeV, with the overlap density suﬃciently high
around Rs so that extended Brueckner–Hartree–Fock calculations
[8] predict Λ ≈ 2 fm for the nucleon–nucleus (μ ≈ 1) interaction
at E = 200 MeV.
Considering these values, we calculate N and get
W (R) ≈ 0.6V F (R). (7)
The information about the real potential V (R), in this high energy
region, can be obtained through the eikonal approach [10]: VW =
α(E); α = Re( f (0))Im( f (0)) , where f (0) is the nucleon–nucleon scattering
amplitude at zero degrees, with α ≈ 1 (from [11], or average of
αpp and αpn , as reported in [12]). In such conditions:
V (R) ≈ W (R) ≈ 0.6V F (R), (8)
i.e., both the real and the imaginary nuclear potentials are obtained
from double folding of matter densities at E/A ≈ 200 MeV. We
remember that, at this energy, Pauli effects are reduced (both PNL
and PB), and the imaginary potential comes from nucleon–nucleon
collisions in the nuclear medium [8].
At somewhat lower energies (say, below about 100 MeV), dissi-
pative effects (e.g. DIC) other than IA (CN formation) are occurring
around the nuclear surface, where PB effects can still be consid-
ered rather small ([7,13], see below). This is the reason why one
could expect that it is a good effective approximation to keep N
constant. However, PNL (affecting both V and W in the same way
[13]) should begin to be taken into account through the velocity
dependent normalization factor of Eq. (1) (where it is known tobe in agreement with experiment, and dominates the energy de-
pendency). It is important to mention that, in this energy region,
the PNL correction does not imply a dispersion relation between V
and W , and that, in this model, coupling effects will be taken into
account separately (see below). This allows us to deﬁne V and W
with different normalizations relative to V F . With these considera-
tions, we get the following general approximate expression for the
nucleus–nucleus interaction U (R) = V (R) + iW (R):
U (R) ≈ (1+ 0.6i)V SPLE (R). (9)
The description of the intermediate region (from 100 to 200 MeV),
where there is a gradual switch between the two regimes (i.e. from
Eq. (9) to Eq. (8)), will not be attempted at this stage. However,
as a further check of consistency, one can estimate the ratio be-
tween imaginary and real potentials within the eikonal model at
100 MeV, allowing for the variation of α as it is usually consid-
ered. Again from Ref. [12], the average of αpp and αpn at 100
MeV is α ≈ 1.4, resulting in N = WV ≈ 1α ≈ 0.7, to be compared
with N = 0.6 of Eq. (9). The reasonable consistency of the two
numbers confers additional support to our hypothesis. It is also in-
structive to compare the ratios of V and W to V F at 100 MeV
(with Eq. (9)): 0.5 and 0.3, respectively, and at 200 MeV (Eq. (8)):
both 0.6. This shows that these ratios do not vary so wildly in such
a wide energy range, and that the transition is smooth. The varia-
tion of W is comparatively larger because it is affected by the PB
reduction [7].
Note that the CC treatment is still necessary at high energies
in order to account explicitly for QE absorption effects (mainly
Coulomb excitation). We mention that a procedure to calculate
W through nucleon–nucleus absorption has been already re-
ported [15] in the case of fusion enhancement by valence neu-
tron capture from a partner of the collision. In that case, shell
model wave functions for the valence neutrons and a parameter-
free imaginary potential for the neutron capture by the nuclear
matter have been used.
The imaginary potential proposed encompasses the dissipative
processes cited above, which either evolve to compound nucleus
(CN) formation or decay via DIC or break-up from a thermally non-
equilibrated composite system. Further normalizations in V and W
due to polarization effects (connected by a dispersion relation) are
taken into account by CC calculations including the most important
QE channels with respective couplings.
The CC calculation using Eq. (9) furnishes the total reaction
cross section σTOT. The cross section for surface dissipative pro-
cesses (DIC, break-up, etc.) is obtained [14] from σDIC = σTOT −
σCN − σQE, where σCN is derived (also with CC) considering only
IA, using the WS potential mentioned in the ﬁrst paragraph. The
parameters of this WS potential are not critical for the results as
long as it warrants the absorption of all the ﬂux reaching the in-
ner region. The depth of the potential can be widely varied without
signiﬁcant change in the CN cross sections calculated. The diffuse-
ness parameter (ai ≈ 0.2 fm) is small enough to be of negligible
importance at the surface while suﬃciently large to ensure no
reﬂection of the ﬂux. Again the calculated cross sections are insen-
sitive to small variations around this value. This procedure which
accounts for CN formation has been successfully applied in CC cal-
culations for several systems.
Fig. 1 presents an example of the potentials used for the cal-
culations of the 16O + 27Al system at various energies. As a fur-
ther check of the assumptions, one can estimate the importance
of PB around the surface (r  7.5 fm in Fig. 1), where the local
density ρ(r) is reduced roughly by a factor of 10 or more with re-
spect to saturation density. The Fermi momentum, in local density
approximation, is kF (r) ≈ ( 32π2ρ(r))1/3. A representative number,
therefore, would be kF  0.5 fm−1 (EF  5 MeV), to be compared
332 D. Pereira et al. / Physics Letters B 670 (2009) 330–335Fig. 1. Examples of potentials used for the CC calculations of the 16O + 27Al reac-
tion. The solid curve corresponds to the imaginary IA (WS) potential with small
diffuseness (ai = 0.2 fm) used for evaluation of the CN cross section. The imaginary
potential (W ), encompassing all dissipative processes, is presented for two different
energies (45.6 and 640 MeV). Note the relevance of W at the surface region which
ultimately results in the DIC absorption. The real potential at 45.6 MeV, including
Coulomb (together with the indication of the barrier V B location) is also shown.
Fig. 2. Optical model theoretical predictions for the reaction cross section for the
systems n + 40Ca (a) and n + 27Al (b), using the interaction described in Eq. (9)
(solid lines), and Eq. (8) (dotted lines).
with 1.3 fm−1 for normal nuclear density, and indeed the PB cor-
rection (see Figs. 8–11 of Ref. [7]) is very small, except at low
energies. This justiﬁes the limit of negligible PB assumed in the
model. The calculations of Ref. [7] should be used only as a guide,
since the PNL treatment introduced by the SPP was unknown at
the time.
The performance of this model in describing experimental data
is presented below for a representative set of nuclear systems andFig. 3. (a) CC/SPP calculations for the elastic (short-dash line) and inelastic (point-
dash line) scattering angular distributions at ELAB = 45.6 MeV, for the 27Al + 16O
system as compared with experimental data [19] considering only IA. (b) CC cal-
culations for the reaction 27Al(16O,12C) for ELAB = 45.6 MeV (point-dash line), as
compared with the experimental data [19].
energies. We start by testing our predictions for nucleon–nucleus
interactions by calculating total nuclear reaction cross sections for
p+40Ca, and n+27Al systems (see Fig. 2). There is good agreement
between theory and the experimental data [16] for energies up to
≈ 120 MeV (solid lines).
In Figs. 3 and 4, CC calculation predictions for elastic scattering
angular distributions in the energy interval 21  ELAB  640 MeV
for system 16O+ 27Al are shown. For ELAB = 45.6 MeV, since there
is no experimental evidence for DIC, only IA (complete fusion)
through the imaginary Woods–Saxon potential (W0 = 150 MeV,
r0,i = 1.06 fm and ai = 0.2 fm) has been considered in the CC
calculations (Fig. 3) with the computer code Fresco [17]. The in-
elastic excitations (Fig. 3(a)) of low lying states of 27Al were treated
effectively as only one state (the ﬁrst 2+) of 28Si core. This is
justiﬁable considering a weak-coupling scheme of a 1d5/2 proton
hole with the 2+ rotational state of a 28Si core (i.e., the ﬁve spin
states: J = 12
+; 32
+; 52
+; 72
+; 92
+
from [28Si(2+) ⊗ (1d5/2)−1] J ). The
deformation lengths: δN = δC = 1.53 fm [18] were adopted. This
procedure was checked for near barrier energies (21 MeV and
45.6 MeV) where the coupling effects are most important, taking
into account explicitly the experimental B(E2) values of the transi-
tions from the ﬁve 27Al states [18]. The differences in the resulting
cross sections are less than 5%. We have considered also, in the
CC equations, the transfer reaction 27Al (16O,12C)31P (Fig. 3(b)) for
excitation energy up to ≈ 9.6 MeV. In this case an alpha cluster
(S = 0) form factor was assumed, and an adjustable average spec-
troscopic factor was introduced in order to ﬁt the data, as shown
in the ﬁgure. For the α transfer, in the CC calculations, we have
D. Pereira et al. / Physics Letters B 670 (2009) 330–335 333Fig. 4. (a) CC predictions for the elastic scattering angular distributions (27Al + 16O
system at ELAB = 50, 60, and 80 MeV) as compared with the experimental data [20]
considering: (i) only IA (short-dash lines); (ii) considering also surface dissipative
processes (DIC—solid lines). (b) The same as (a), for ELAB = 400 and 640 MeV (no
available elastic experimental data).
used Woods–Saxon shape potentials between 12C+α and 27Al+α
with realistic parameters: a = 0.6 fm, r0 = 1.2 fm, and V0 strength
adjustable to reproduce the respective separation energies. It is im-
portant to mention that, for other energies, the calculations have
been done without re-adjustment of any parameter (Fig. 4). About
500–600 partial waves were considered in the solutions of the
CC equations (see [1,2] for further details of this type of calcu-
lations).
The following remarks are important for the CC calculation pre-
dictions for 16O + 27Al system:
(a) For ELAB = 50 MeV, the data is well described by CC/SPP cal-
culations with only IA (complete fusion).
(b) For ELAB = 80 MeV, the data is well described by CC/SPP cal-
culations considering also surface dissipative processes (DIC),
coherently with reported [20] DIC experimental data in this
energy region.
(c) For ELAB = 60 MeV: in this intermediate region, the data is
well described by both theoretical calculations (with IA only
or including surface absorption).
For increasing energies the two solutions differ from each other,
for instance at ELAB = 400 MeV. Coherently, there is experimen-
tal evidence [21] for existence of a signiﬁcant proportion of DIC
as compared with CN (compound nucleus) formation. Nevertheless
at ELAB = 640 MeV, the two solutions approach each other again,
indicating the disappearance of surface processes beyond this en-Fig. 5. CC/SPP calculations for the elastic scattering angular distributions for the
system 16O + 60Ni as compared with experimental data [14]. (a) ELAB = 60 and
ELAB = 42; (b) ELAB = 100, 120, and 141.7 MeV. The lines in the ﬁgure correspond
to different CC/SPP calculations considering: (i) no couplings (dash line); (ii) only IA
(short-dash lines); and (iii) internal (CN formation) and surface dissipative processes
(DIC, solid lines).
ergy. This fact is in agreement with experimental studies [22] of
the break-up of the projectile (16O) induced reactions on 27Al, 58Ni
and 197Au at energies around 100 MeV/nucleon, where spatial cor-
relations of 4He ions and projectile like particles were employed.
A rather small (≈ 10 mb) cross section, independent of the target,
as compared with σCN and σTOT, has been reported.
As complementary studies, we have extended the calculations
to the systems 16O + 60Ni, and 58Ni + 124Sn. The corresponding
CC/SPP calculations have been done assuming a vibrational scheme
with the one (2+1 ) and two (0
+
2 , 2
+
2 , and 4
+
1 ) phonon states of
the 58,60Ni isotopes, and the 2+1 state of 124Sn, inelastic excitations
as the main couplings, with the corresponding deformation length
obtained from the literature [23]. In Fig. 5, the predicted elastic
scattering distributions for the 16O + 60Ni as compared with avail-
able experimental data are shown. No corresponding pure elastic
data for the system 58Ni + 124Sn has been reported to our knowl-
edge, thus the calculations, in this case, are compared with re-
ported CN formation and DIC cross section data at barrier energies
(see Fig. 6).
The agreement between the theoretical predictions and the
data is remarkable. The 16O + 60Ni and 16O + 27Al systems present
quite similar features, see for instance, the transition energy
ELAB = 60 MeV. For higher energies (Fig. 5(b)) no description
of the elastic data with such accuracy without speciﬁc parame-
ter adjustments has ever been reported, to our knowledge. Our
334 D. Pereira et al. / Physics Letters B 670 (2009) 330–335Fig. 6. Comparison of SPP/CC calculations with experimental results for several pro-
cesses as indicated for the systems: (a) 16O+ 27Al [4,19,20,26]; and (b) 58Ni+ 124Sn
[27].
theoretical calculations also predict, for ELAB > 100 MeV, an in-
creasing nuclear rainbow shoulder, that becomes more deﬁnite for
ELAB = 141.7 MeV, which is totally unexpected for such a heavy
system [24]. This effect is due to the decreasing strength of the
optical potential caused by PNL. Though this effect is in agreement
with recent experimental data for the system 16O + 40Ca [25], ad-
ditional challenging experimental studies are necessary to better
characterize this prediction.
Returning to the 16O+ 27Al system, as shown in Fig. 6(a), there
is a very comprehensive set of experimental data for several re-
action processes accumulated over more than 30 years. Additional
remarks are important:
(d) There is good agreement between our theoretical predictions
and the experimental data, despite the uncertainties of the
DIC cross sections due to the opening of the fusion–ﬁssion
(FF) channel [28]. The corresponding theoretical cross sections
for this channel have been evaluated with the computer code
Pace [29], and they are compatible with the data for energies
up to 25 MeV/nucleon.
(e) As shown earlier [33], the rather constant ratio σQE/σTOT ≈
0.11 is also reproduced by the present calculations.
(f) It is well established for light-heavy projectile induced reac-
tions that DIC occurs for energies well separated from the
barrier (V B ) region. In agreement with the experimental data,
our calculations predict a well deﬁned threshold for the DIC
process (VDIC). This threshold is connected to the proximity oflmax in relation to lcrit as the energy decreases, which implies
that VDIC is a sharp projectile velocity (vproj) function, and DIC
becomes important for vproj > 0.06c [32].
(g) For ELAB > VDIC, as a consequence of Pauli non-locality, there
is an inhibition of growth of the reaction processes, that
leads to their saturation as a function of the energy. This
fact is consistent with experimental studies [34] with light
charged particle (LCP) correlation functions for the system
16O + 27Al, over a large energy interval (140 MeV < ELAB <
640 MeV), which show very small changes, implying mini-
mal changes in the space–time characteristic of the source of
the LCP.
We mention that the corresponding CC calculation predictions for
the system 16O + 60Ni show the same features cited in (e), (f)
and (g).
In the case of the system 58Ni + 124Sn [27] (Fig. 6(b)), which
is a good example of medium weight nucleus induced nuclear
reactions, due to the larger angular momentum in the entrance
channel (lmax > lcrit), DIC and compound nucleus formation (CN)
are competing even in the barrier region. A good description of
the data is obtained also in this case.
So far we have considered nuclear reactions with tightly bound
nuclei. For weakly bound and exotic projectile induced reactions,
break-up is known to occur near the barrier [30]. SPP optical
model calculations using the interaction (Eq. (9)) as compared
with total quasi-elastic (elastic, inelastic and transfer processes)
data for the system 7Li + 120Sn [31] are shown in Fig. 7. In this
case, we are considering explicitly the measured elastic + quasi-
elastic cross sections, instead of the CC calculations, as an al-
ternative method [35] which approximately takes into account
the corresponding couplings. We have detected the main quasi-
elastic reaction channels: 120Sn(7Li,7Li∗(Ex = 0.477 MeV) )120Sn;
120Sn(7Li,7Li )120Sn∗(Ex = 1.171 MeV); and 120Sn(7Li,6Li)121Sn. We
mention that the ﬁrst of these reactions presents the main chan-
nel coupling, due to the large 7Li( 12
−
) deformation parameter, as
demonstrated previously [36,37]. For ELAB = 19.5 MeV (slightly be-
low the barrier), we note the very good agreement between the
theoretical predictions and the data. The deviation between the
predictions and the data (from ELAB = 20.5 MeV), for back scat-
tering angles θcm  140◦ can be understood as an effect of the
couplings of 7Li states of the continuum, which give rise to a
positive polarization [36,38], not included in the present calcu-
lations. We mention that this effect and the Coulomb rainbow
damping, as shown also in our data, are important features of
CDCC predictions (e.g. [39,40]). The long range Coulomb break-
up, which should be important particularly for exotic projectile
induced reactions, is also not included in the calculations. The dif-
ference between the reaction cross sections from the optical model
calculations with IA in relation to that including surface dissipa-
tive absorption, corresponds, within a good approximation [42], to
break-up/incomplete fusion cross sections at these energies. In fact,
the presence of signiﬁcant cross sections for these processes at
barrier energies for 7Li induced reactions has been reported [38]
earlier.
It should be stressed that the imaginary potential of Eq. (9) is
not applicable to the systems and energies where surface dissi-
pative processes are not present. Therefore, it is not introduced
at low energies in the 16O + 27Al system calculation presented
above. Similar situation occurs for light systems such as 12C + 12C
or 16O + 16O, where nuclear rainbow is observed as a result of the
weak absorption occurring in such cases [24,43].
Finally, the proposed double folding imaginary potentialbreak
(Eq. (9)), with no free parameter, represents the major part of the
absorption contained in the well-known [41] interaction U (R) =
(1+ 0.78i)V SPLE (R), that has been largely used to predict heavy-ion
D. Pereira et al. / Physics Letters B 670 (2009) 330–335 335Fig. 7. SPP optical model calculations for total quasi-elastic angular distributions
for the system 7Li + 120Sn with: (i) surface dissipative processes (solid lines);
and (ii) considering only IA (dashed), as compared with our recent experimen-
tal total quasi-elastic data (elastic + inelastic + nucleon transfer processes) [31] at
ELAB = 19.5, 20.5 (nominal barrier), and 25.0 MeV.
elastic scattering cross sections. The remaining absorption corre-
sponds to quasi-elastic processes and the respective couplings. In
Ref. [41] all the absorption is represented by an imaginary double
folding potential. Limitations of such an approach are discussed in
detail in Ref. [44].
In summary, in this work we have presented new SPP optical
model calculations without any free parameter. They have been
successfully tested for a representative set of systems and ener-
gies (up to 100 MeV/A). The possibility of reliable predictions with
our model for nuclear reactions should be of great value for appli-
cations in several different ﬁelds such as astrophysics, medicine,
nuclear engineering.Acknowledgements
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